Abstract Human metapneumovirus (HMPV) is an important cause of acute respiratory illnesses in children. HMPV encodes two major surface glycoproteins, fusion (F) and glycoprotein (G). The function of G has not been fully established, though it is dispensable for in vitro and in vivo replication. We analyzed 87 full-length HMPV G sequences from isolates collected over 20 years. The G sequences fell into four subgroups with a mean 63 % amino acid identity (minimum 29 %). The length of G varied from 217 to 241 residues. Structural features such as proline content and N-and O-glycosylation sites were present in all strains but quite variable between subgroups.
Introduction
Human metapneumovirus (HMPV) is a paramyxovirus associated with acute lower respiratory infection (LRI) [1] . HMPV is a leading cause of LRI in young children worldwide and is associated with severe disease in immunocompromised hosts or persons with underlying conditions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The virus most closely related genetically to HMPV is avian metapneumovirus type C (AMPV-C) [1] . AMPV is an emerging pathogen of poultry first identified in 1978 [16] . Subtypes AMPV-A and AMPV-B circulate in Europe and Africa, while AMPV-C was discovered in Minnesota and has been detected in the US and Korea [17, 18] . Productive experimental infection of poultry with HMPV has not been successful, and serological studies have failed to detect evidence of human infection by AMPV [1] . Thus, HMPV infection of humans does not appear to be a recent zoonosis, but likely diverged from AMPV-C [19, 20] . An understanding of the molecular origin and evolution of HMPV sequences has implications for other emerging zoonotic paramyxoviruses such as Hendra and Nipah viruses.
HMPV encodes two major surface glycoproteins, the fusion (F) and glycoprotein (G) proteins. HMPV F is a class I viral fusion protein that mediates entry and is similar to other paramyxovirus F proteins [21] [22] [23] [24] . HMPV G protein is a predicted type II transmembrane protein that may contribute to attachment [25] . However, the function of HMPV G is not clear. The G protein is dispensable for in vitro replication, though viruses lacking G are attenuated in vivo [26, 27] . Some data suggest that G suppresses host immune responses; however, these studies used a single isolate of HMPV [28, 29] . We sought to identify regions of G that were highly conserved over time, as might be expected for critical functional domains.
We analyzed full-length G gene sequences from 87 isolates of HMPV collected over a 20-year period from children with respiratory disease. The evolutionary rate of HMPV was similar to that of other RNA viruses; however, HMPV G gene sequences did not display progressive drift over time, and the four lineages were preserved. The time to the most recent common ancestor suggested recent divergence from AMPV-C. There were distinct amino acid differences in G that are conserved within subgroups and preserved over time. We found substantial diversity between major groups, with few highly conserved motifs in the ectodomain.
Materials and methods
HMPV isolates. Virus sequences were derived from specimens collected over a twenty-year period from 1982 to 2001 in the Vanderbilt Vaccine Clinic, as described previously [14, 15] . Nasal wash specimens were collected from children \ 5 years of age with acute respiratory tract illness. Written informed consent was obtained from the parent/guardian of each child in the original study. The Vanderbilt Institutional Review Board approved the study. We extracted RNA from these samples and used quantitative real-time RT-PCR to test for HMPV by detection of nucleoprotein gene sequences [15] . Specimens that tested positive for HMPV were subjected to nested RT-PCR for the G gene as described below. Viral nomenclature used in this study uses a letter code representing the geographic site of isolation (CAN = Canada, JP = Japan, NL = Netherlands, and TN = Tennessee) followed by the year of isolation. Published HMPV and AMPV-C G sequences included in the analyses were obtained from GenBank (accession nos. AF371337.2, AJ811991, AJ811992,  AJ811993, AY198394, AY297749, AY485232, AY48  5233, AY485243, AY485251, AY485252, AY525843,  AY530089, AY530091, AY530092, AY530094, AY5 90691, AY590692, AY590693, EF199771.1, EF199772.1, FJ168778, FJ168779, GU126687, and NC_007652.1).
RNA extraction, RT-PCR, and sequencing of G genes. RNA was extracted from 220 ll of nasal wash sample on a QIAGEN BioRobot 9604 Workstation using a QIAamp Viral RNA Kit (QIAGEN), as described [15] . Amplification of the entire G open reading frame (ORF) was carried out by RT-PCR followed by nested PCR. Primer sequences are shown in Supplemental Table 1 . A Thermoscript /Platinum Taq Polymerase Kit (Invitrogen) was used in a 50-lL RT-PCR reaction with 10 lL of diluted RNA as template. The RT-PCR was carried out at 50°C for 50 min and 95°C for 3 min, followed by 5 cycles of 94°C for 30 s, 50°C for 60 s, and 68°C for 3 min, and an additional 30 cycles of 94°C for 30 s, 55°C for 60 s, and 68°C for 3 min. For nested PCR, 2 lL of RT-PCR product was added to a 50-lL reaction using Platinum PCR Supermix (Invitrogen). The reaction was incubated at 95°C for 3 min followed by 5 cycles of 94°C for 30 s, 50°C for 30 s, and 68°C for 2 min, and an additional 30 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 2 min. For all reactions, a final extension at 68°C for 7 min was included.
Sequencing reactions were carried out using an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). Eight sequencing primers were used for each fragment to ensure a twofold coverage of the open reading frame. Sequencing primers are available upon request. The end products were processed by capillary electrophoresis using a 3730 DNA Analyzer (Applied Biosystems) and analyzed using DNA Sequencing Analysis (Applied Biosystems) and Sequencher (Gene Codes Corp.). Rare nucleotide ambiguities between forward and reverse sequences were resolved by sequencing additional RT-PCR clones.
Sequence alignment and phylogenetic analysis. Final sequences were edited and aligned using the ClustalW algorithm in MacVector version 11.0 (MacVector) and MEGA version 5.0 [30] . Sequences identified in this study have been submitted to GenBank under accession numbers JF929831-JF929903. Pairwise sequence alignment, multiple sequence alignment, and percent nucleotide identity calculations were performed using MacVector version 11.1 (MacVector). Inference of phylogeny and overall rates of evolutionary change (nucleotide substitutions per site per year) and the time to the most recent common ancestor (tMRCA) were estimated using the Bayesian Markov chain Monte Carlo (MCMC) approach available in the BEAST package (http://www.evolve.zoo.ox.ac.uk/Beast/) [31] . We employed the HKY model of nucleotide substitution [32] with empirical base frequencies with unlinked substitution, rate heterogeneity and base frequencies at all three codon positions, as this model yielded the best 95 % highest posterior density (HPD) out of all models tested (not shown). Datasets were analyzed under demographic models of constant population size, exponential population growth, and expansion population growth. For all models, we used both strict and relaxed (uncorrelated logarithmic) molecular clocks. In each case, MCMC chains were run for 10 million steps with a burn-in rate of 10 %, and five separate runs were combined using the Log Combiner program (http://www.evolve.zoo.ox.ac.uk/), with uncertainty in parameter estimates reflected in the 95 % HPD. Output sets of trees were combined using LogCombiner, analyzed with the TreeAnnotator program and visualized with FigTree [31] .
Results
Comparison of sequence identity between subgroups. Full-length G gene sequences were obtained for 73 Tennessee strains of HMPV and assigned to one of the four proposed lineages (A1, A2, B1, or B2) based on phylogenetic analysis, discussed further below [33] . Of the 73 TN strains sequenced, 9 (12 %) were of the A1, 20 (27 %) A2, 10 (14 %) B1 and 34 (46 %) B2 lineage. Sequences obtained in this study were compared to 14 published fulllength G gene sequences. The overall mean nucleotide sequence identity between all 87 isolates was 71.9 %, with a minimum identity of 51.9 % ( Table 1 ). The nucleotide sequence identity within major groups was higher, with a mean of 85.9 % (minimum 74.5 %) between A1 and A2, and mean 87.8 % (minimum 76.4 %) between B1 and B2. Most of the nucleotide changes were non-synonymous, and thus the amino acid sequence identity was more divergent than the nucleotide sequence identity between and within all groups, with overall minimum identity of 29.3 % and mean identity of 63.3 %. The mean amino acid sequence identity within major groups was 80.3 %, and the minimum was 60.2 % for A1 and A2, and the mean was 83.6 % and the minimum was 62.2 % for B1 and B2.
The length of the predicted protein varied considerably between groups due to truncations at the C-terminal end, though all of the A1 sequences were the same length: A1, 236 aa; A2, 217-231 aa; B1, 224-241 aa; and B2, 221-238 aa. Thus, HMPV G, at 217-241 aa, is shorter than RSV G, at 298 aa [34, 35] . Amino acid conservation was greatest in the predicted cytoplasmic tail and transmembrane domains, with progressively more variation in the ectodomain (Figure 1) . The cytoplasmic tail was 89 % conserved among all isolates at the amino acid level (98 % within subgroups), while the transmembrane domain was 86 % conserved overall (97 % within subgroups).
Conserved and divergent features of the G protein. Despite the diversity overall in the ectodomain, certain motifs were variably present in most groups. One N-glycosylation site was absolutely conserved: 30-32 NAS/T ( Table 2 ). All subgroups had four to seven additional N-glycosylation sites, though conserved N-glycosylation sites varied between subgroups. Similarly, serines and threonines, potential O-linked glycosylation acceptor sites, were present in all strains but quite variable. The number of serines ranged from 15 to 42, with group A strains containing more serine residues than B strains (Table 2) . Conversely, threonine residues ranged from 35 to 54, with more threonines in group B strains. Thus, all strains had a similar number of potential O-linked acceptor sites. All strains had a high proline content, but group A viruses generally encoded more proline residues. A cysteine within the cytoplasmic tail was conserved in all strains, but only group B viruses had an additional conserved cysteine in the ectodomain. Thus, the conserved ''cysteine noose'' present in RSV G [34] was not present in any of the HMPV G proteins.
Alternate start codons that produce secreted forms of RSV G exist [36] . The HMPV A1 subgroup had two AUG codons in the putative ectodomain (residues 55 and 71), the B group three (residues 59, 68, and 79), but the A2 subgroup lacked alternate start codons that would be expected to produce a secreted form. Further, none of these putative alternate start codons was preceded by an apparent signal sequence. All of the B1 G sequences had an apparent insertion sequence K/EKGKE at residues 162-166, similar to a predicted heparin-binding site [25] , but this motif was absent in other subgroups. No HMPV G sequences had large duplications such as described in some RSV strains [37] .
Phylogenetic diversity and evolution over time. We performed phylogenetic and evolutionary analysis of the aligned full-length G sequences with six different models using the BEAST program suite [31] . Comparison of the output of each model showed that the relaxed clock, exponential population growth model had the highest posterior density (HPD) (not shown). The phylogenetic tree representing the sequence relationships by nucleotide substitutions suggested four genetic subgroups (Figure 2) , consistent with previous analyses [19, 20, 33] . The four distinct subgroups remained stable over time, and viruses within these lineages were closely related genetically Diversity and evolution of HMPV G 1247 despite being isolated over a twenty-year period. Thus, the clustering based on sequence did not correlate with the chronological origin of the sequences. majority of the changes from year to year were not preserved and reverted in subsequent isolates, showing a lack of progressive evolution over time. For example, a putative N-glycosylation site at residues 101-103 of the A2 subgroup (Supplemental Figure 2 ) was variably present in isolates from alternating years. Conversely, a putative N-glycosylation site at residues 166-168 of the B2 subgroup (Supplemental Figure 4 ) was only present in isolates from 1983-1984. Analysis of multiple sequences collected over time allowed a molecular clock calculation of viral nucleotide changes. The evolutionary rate of HMPV G was 3.8 9 10 -3 substitutions/site/year (95 % HPD 2.8 9 10 -3 , 4.9 9 10 -3 ). The estimated time to the most recent common ancestor (tMRCA) of HMPV and AMPV-C was 215 years (95 % HPD 95-367) (Figure 2 ).
Discussion
We analyzed 87 full-length HMPV G gene sequences obtained over a twenty-year period and confirm the four distinct genetic lineages of HMPV: A1, A2, B1 and B2 [33] . The G sequences fell into the same four clades with concordant F sequences [20] ; other groups have shown that HMPV genes form a clade together [19] . These data suggest that recombination does not occur among HMPV strains, and analysis of the sequences using the Recombination Detection Program (RDP) did not identify evidence of recombination (not shown) [38] .
Nucleotide sequence identity was variable among subgroups, and a high rate of non-synonymous changes led to greater amino acid sequence diversity, with a mean of only 63 % amino acid sequence identity between major groups and * 80 % between minor subgroups. However, the biological reason for this diversity is unclear. Two groups have suggested selective immune pressure on HMPV G based on computer analysis of partial G sequences [39, 40] . However, several lines of evidence suggest that while G induces humoral antibodies in animals and humans [41] [42] [43] [44] , G-specific antibodies do not exhibit in vitro neutralizing activity and are not protective in vivo. HMPV G expressed in a reverse-engineered PIV1 backbone, HMPV G encoded by an alphavirus replicon vector, and recombinant HMPV G protein all induced antibodies that were non-neutralizing, and all failed to induce protective immunity in different rodent models [41] [42] [43] . One putative HLA-A2-restricted Diversity and evolution of HMPV G 1249 epitope has been described in the highly conserved transmembrane domain of G [45, 46] ; however, extensive epitope mapping in different MHC class I-restricted mouse strains in our laboratory has identified numerous CTL epitopes in several HMPV proteins, but none in G [47] . Thus, there is little published evidence for immune pressure on G.
One suggestion for selective pressure has been the preservation of potential O-linked glycosylation sites [19, 39, 40] . Our analysis shows that over 20 years and between all four lineages, the general content of putative O-linkage acceptor serines and threonines was preserved. However, the location of specific serine and threonine residues was conserved within but not between subgroups ( Table 2 and Supplemental Figures 1-4) . Similarly, the relative proline content, but not specific residues, was conserved within but not between lineages. HMPV G, like RSV G and other mucin-like viral proteins, is indeed both N-and O-glycosylated [24, 26, 42, 48] and binds to cell-surface glycosaminoglycans, likely as the first step in viral attachment [25] . Notably, a 159 QRRGKGKE 166 motif was identified as critical for binding to heparin in that study; the only sequence that nearly matched this in any of the G sequences we determined was the insertion unique to the B1 subgroup:
159 QKRK/EKGKE 166 . Thus, the broad relevance of this motif is not clear. Recent analysis of the genomes of several RNA viruses that encode mucin-like proteins showed that selective pressure was relaxed over the mucin-like regions, suggesting that the mucin-like character was more conserved than the specific amino acid sequences [49] . Our data support this as a possible explanation for the diversity of HMPV G, since the mucin-like character of G is preserved.
Nonetheless, if conservation of the general mucin-like nature of G is all that is required for viral fitness, why do the four distinct lineages of HMPV G persist over time? Two studies have suggested a role for G in suppressing innate immunity by interacting with RIG-I and TLR4 [28, 29] . While the cytoplasmic tail and transmembrane domain of G are highly conserved, the ectodomain has few conserved stretches of consecutive residues, especially between A and B subgroups ( Figure 1) ; thus, a putative conserved motif that interacts with host immune molecules is not apparent. The identification of specific regions of G that may interact with host proteins or other HMPV proteins would facilitate an understanding of whether these findings are applicable to all HMPV strains or whether different viruses exhibit important differences based on G. Most published epidemiologic data show no significant clinical differences between illness caused by viruses of the A or B lineages [50] .
Although the four lineages were maintained over twenty years, we did not find evidence of rapid progressive evolution over time, but rather gradual changes, as seen in other paramyxoviruses [51] and in contrast to the rapid antigenic drift exhibited by human influenza viruses [52] . This is despite the high mutation rate of G at 3.8 9 10 -3 substitutions/site/year, remarkably similar to the rate calculated by de Graaf et al [19] . Further, the estimated tMRCA between HMPV and AMPV-C was 215 years, very similar to that predicted based on F sequences [20, 53] . It should be noted that viruses with rapid mutation rates may confound molecular clock calculations, leading to substantial errors in estimations of virus and host coevolution [54] . Nonetheless, zoonotic transmission of HMPV may have occurred fairly recently in human history. Productive infection of chickens and turkeys with HMPV was unsuccessful [1] , although viral RNA and antigen could be detected in turkey poults inoculated with a high titer of HMPV [55] . HMPV and AMPV contain analogous open reading frames in the same order that are distinct from those of members of the genus Pneumovirus, and both metapneumoviruses lack the NS1 and NS2 genes of pneumoviruses [53] . This finding suggests that AMPV and HMPV diverged from a common progenitor, likely a pneumovirus. This suggests that other emerging zoonotic paramyxoviruses such as Hendra and Nipah viruses could become established in the human population.
